Introduction
The notion that microbial infection may trigger autoimmunity, suggested many years ago, was based on the observations that 'environmental factors' play a role in the susceptibility to autoimmune diseases and that in many cases, infection preceded the onset of autoimmune disease [1] . Two possible mechanisms have been proposed for the involvement of microbial infection in the initiation of pathogenic autoimmunity: (i) the 'mimicry' phenomenon and (ii) microbial products activate naïve lymphocytes specific against self-antigens to become pathogenic effector cells.
In the mimicry phenomenon, antibodies or lymphocytes specific against microbial products recognize autologous tissue molecules and react against them [1, 2] . The phenomenon was investigated in the ocular system and several microbial molecules were identified to sufficiently cross-react with uveitogenic antigens so that immunization with these molecules initiated development of ocular inflammation identical to that induced by immunization with the ocular antigens, i.e. experimental autoimmune uveoretinitis [3] [4] [5] .
The capacity of microbial products to activate naïve lymphocytes specific against self-antigens was indicated by the essential need for bacteria or their products to be added to adjuvants used for the initiation of pathogenic autoimmunity in experimental animals. The mechanism whereby microbial products activate lymphocytes has been recently clarified, following the discovery of Toll-like receptors (TLR) and their crucial role in triggering the innate immunity [6] [7] [8] . These data showed that the microbial molecules serve as ligands for TLR that are expressed on antigen-presenting cells (APC). The interaction between TLR and their ligands activates the APC toward maturity and acquisition of the capacity to efficiently present specific antigens to naïve T cells [6] [7] [8] . When the activated T cells are specific against self-antigens, the outcome could be an autoimmune response, with subsequent potential pathogenicity.
Studies of recent years have shown that lymphocytes specific against self-antigens escape negative selection in the thymus and enter the immune system in normal humans and animals [9] [10] [11] [12] . In healthy conditions these self-specific cells remain naïve and harmless, but in certain circumstances, microbial infection was suggested to activate these naïve cells, via the TLR-TLR ligand system, and convert them into pathogenic effector cells. Whereas naïve cells are unable to invade nonlymphoid tissues, activated T cells acquire new profiles of surface markers that facilitate their invasion into such tissues [13, 14] , where the target self-antigen is located.
In this study, we developed a new experimental system that provided direct evidence to support the hypothesis that microbial products, known to function as TLR ligands, are capable of triggering spontaneous autoimmune ocular inflammation by activating naïve T cells specific to self-antigens. We also used the system to gather information concerning the mode of action of the TLR ligands and the cell populations that participate in the process.
Materials and Methods
Transgenic Mice 'HEL-Tg' mice, expressing membrane-bound hen egg lysozyme (HEL) in the lens under control of the ␣ A-crystallin promoter, were generated as described elsewhere [15] , whereas '3A9' mice, expressing HEL-specific T cell receptor (TCR) on their T lymphocytes [16] , were a gift from M. Davis (Stanford University, Stanford, Calif., USA). For more detail, see Kim et al. [ 17] and Fujimoto et al. [ 18] . All procedures involving animals were performed according to the guidelines of the National Institute of Health Resolution for the Care and Use of Laboratory Animals.
Reagents
The following TLR ligands were used: a mixture of peptidoglycan (PGN) and lipoteichoic acid (LTA), zymosan, poly(I:C), lipopolysaccharide (LPS), pertussis toxin (PTX), flagellin and CpG oligodeoxynucleotide (a mixture of ODNGCTAGACGT-TAGCGT and TCAACGT). For more detail, see Fujimoto et al. [ 18] .
Adoptive Transfer of CD4 Cells and Induction of Disease
Naïve CD4 cells were isolated from spleens and lymph nodes of 3A9 mice as described in detail elsewhere [17] . Isolated CD4 cells (5 ! 10 6 ) were injected via the tail vein into naïve HEL-Tg mice. On the following day, the recipient mice were injected i.v. with phosphate-buffered saline (PBS) or the TLR ligands, with or without HEL. The recipients were euthanized 7 days after cell injection. The eyes were prepared for histological analysis and the severity of inflammatory changes was evaluated as described elsewhere [17] .
Flow Cytometry Analysis
Monoclonal antibodies against cell surface markers were purchased from BD Pharmingen (San Diego, Calif., USA), while a clonotypic antibody specific for the Tg TCR of the 3A9 mice, designated '1G12', was a generous gift from Emil Unanue (Washington University, St. Louis, Mo., USA). Spleen cells of recipient mice were collected and stained for surface markers using conventional methods. Flow cytometric analysis was performed on a FACS Calibur (Becton Dickinson, Franklin Lakes, N.J., USA) using FlowJo (Tree Star, Ashland, Oreg., USA).
Measurement of Cytokine Production
Spleen cells of recipient mice were cultured for 48 h, with HEL, and cytokine levels in their supernatants were determined by the Pierce Chemical Co. (Woburn, Mass., USA), using Multiplex SearchLight TM technology.
Results

The Experimental System
To examine the capacity of TLR ligands to trigger pathogenicity in naïve T cells, we used an experimental system in which CD4 cells from 3A9 Tg mice, expressing TCR specific against HEL, are transferred into HEL-Tg recipient mice in which HEL is expressed in the lens ( fig. 1 ). Severe inflammation is induced in recipient eyes following adoptive transfer of T cells from the 3A9 donors after activation in vitro ( fig. 1 a; Kim et al. [ 17] ). On the other hand, no inflammation is induced in eyes of recipient mice following adoptive transfer of as many as 5 ! 10 6 naïve cells ( fig. 1 b) . This system thus made it possible to assess the capacity of TLR ligands to trigger pathogenicity in vivo, by treating recipients of naïve T cells with molecules to be tested ( fig. 1 c) .
TLR Ligands Trigger Pathogenicity by Naïve CD4 Cells
Using the experimental system described above, we tested 7 TLR ligands for their capacity to activate naïve cells from 3A9 donors to become pathogenic and induce ocular inflammation in HEL-Tg recipients. The ligands included the combination of PGN and LTA, ligands for TLR2, zymosan, a ligand for TLR2 and 6, poly(I:C), a ligand for TLR3, LPS and PTX, ligands for TLR4, flagellin, a ligand for TLR5 and CpG, a ligand for TLR9. Data collected from repeated experiments are summarized in figure 2 a and show that all tested ligands triggered ocular inflammation, but with differences in the severity of disease.
Typical changes in eyes of mice treated with PTX and with PGN/LTA are depicted in figure 2 b. Moderate changes are seen in the eye of the recipient treated with PGN/LTA (PGN) and include mainly infiltration of inflammatory cells, localized at the optic nerve head and the vitreous. Also seen in this eye is infiltration of cells into the lens, the tissue where the target antigen, HEL, is produced. Dramatically severer are the changes in the eye of a PTX-treated mouse, which included severe retinal detachment, with serous exudate in the subretinal space, various degrees of damage to the retina, serous and cellular exudates in the vitreous and edema of the cornea. cipients of naïve CD4 cells, we focused on the adoptively transferred cells and analyzed them for changes that could have contributed to the pathogenic process. We examined the transferred cells for 3 parameters, namely, their increase in number, changes in their profile of surface markers and release of a major proinflammatory cytokine, interferon (IFN)-␥ . We identified donor CD4 cells in the recipient mice by a clonotypic antibody, 1G12, specific against the donor cells' TCR [16] . The surface markers we tested were CD49d (VLA-4) and CD62L (L-selectin). Studies by our group and by others showed that increase in CD49d and decrease in CD62L expression characterize tissue-invading lymphocytes [13, 14, 18, 19] . As shown in figure 3 b, donor cells from mice treated with any of the 7 TLR ligands expressed more CD49d but less CD62L than did mice of the control group.
Mechanisms whereby TLR Ligands Trigger
Secretion of IFN-␥ by donor cells was determined by measuring the level of this cytokine in supernatants of cultured spleen cells of recipient mice of the different groups, stimulated with HEL; only the donor cells in these cultures recognized HEL and responded against it. The data of 3 separate experiments are summarized in figure 3 c and demonstrate that cultures of all groups of treated mice produced more IFN-␥ than did the controls. Again, cultures of mice treated with PTX surpassed those of other groups in their release of the tested cytokine.
Discussion
The data recorded in the present study show that all tested TLR ligands are capable of triggering pathogenic autoimmunity. These experimental data thus provide direct evidence to support the notion that microbial products, while functioning as TLR ligands, may activate pathogenic autoimmunity in the eye. Furthermore, our findings for the ocular system could be applied to all other tissues in which pathogenic autoimmunity is thought to be triggered by infection.
It should be emphasized, however, that pathogenic autoimmunity is not common and is prevented in healthy individuals by several mechanisms, including T-regulatory cells [20, 21] and induction of anergy and peripheral tolerance [22, 23] . In addition, the number of lympho- cytes specific to self-antigens is normally smaller by far than the number used in the experimental system employed in the present study. Yet, the data collected here with the experimental system provide knowledge about the mechanisms that are likely to be involved in cases in which infection does trigger autoimmunity. Our study focused on the involvement of T lymphocytes in the process that brings about autoimmunity following exposure to TLR ligands, but the cells directly affected by these microbial products are the APC, mainly dendritic cells and macrophages. As recorded extensively in the literature [6] [7] [8] , APC stimulated by TLR ligands activate lymphocytes and convert them into effector cells capable of initiating a variety of immune responses. Our study analyzed 3 mechanisms by which treatment with TLR ligands affects T lymphocytes, i.e. intense proliferation, acquisition of new profiles of surface molecules and enhanced expression of proinflammatory cytokines.
Cell proliferation following exposure to the target antigen is a basic early step in any immune response and enhancement of the process by TLR ligands thus promotes the transferred cells' activity. This effect of TLR ligands is particularly essential for the presumptive role of the ligands in initiating autoimmunity, since the number of lymphocytes with specificity against self-antigens is normally minuscule and their expansion is crucial for their ability to trigger the pathogenic process. Naïve lymphocytes cannot invade nonlymphoid tissues and, therefore, initiation of the inflammatory process requires that the self-specific lymphocytes acquire a surface marker profile that facilitates tissue invasion. The most prominent changes are the increase in CD49d (VLA-4) and decrease in CD62L (L-selectin) [13, 14, 18, 19] , 2 changes that took place on donor lymphocytes in mice treated with any of the tested TLR ligands.
The third mechanism whereby treatment with TLR ligands triggers pathogenic autoimmunity was enhanced production of proinflammatory cytokines. The cytokine we tested was IFN-␥ and, again, treatment with any of the tested TLR ligands was found to enhance this parameter.
Of particular interest is our finding that PTX surpassed all other tested TLR ligands in its capacity to trigger severe ocular inflammation and to initiate vigorous immune responses by the transferred T lymphocytes. The mode of action of PTX in enhancing immune responses is not fully understood, but our additional experiments suggest that the unique activity of PTX in the present experimental system is related in part to the capacity of this agent to selectively stimulate naïve donor CD4 lymphocytes to polarize toward the Th17 lineage. This recently discovered population of T cells, identified by their selective production of IL-17, has been found to play major roles in pathogenic autoimmunity [24] . Analysis of eyes from PTX-treated recipients revealed that the ratio between donor cells expressing IL-17 (Th17 cells) or IFN-␥ (Th1 cells) was 5: 1, whereas the ratio was 2: 1 in recipients treated with LPS, 1: 1 in poly(I:C)-treated mice and 1: 2 in CpG-treated mice [Shi et al., in preparation]. Moreover, analysis of recipient spleens showed that the expression of cytokines promoting polarization toward Th17, namely IL-1 and IL-6, was exceedingly higher in recipients treated with PTX than in those treated with other tested TLR ligands [Shi et al., in preparation] .
In summary, data collected by an experimental system we developed provide direct evidence showing that microbial products, functioning as TLR ligands, are capable of triggering pathogenic autoimmunity by stimulating naïve lymphocytes specific against a self-antigen to become effector cells and initiate inflammation in tissues where the target antigen is expressed. Of interest is the unusual capacity of PTX to stimulate the immune system and trigger severe inflammatory changes.
